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ABSTRACT
A pilot-wave hydrodynamic system consists of a small droplet of viscous fluid that is
propelled across a vibrating bath of the same fluid. Bouncing vertical motion and "walking"
horizontal motion of the droplet can be achieved with careful control over the frequency and
amplitude of the bath's oscillation. The droplet avoids merging with the fluid from which it was
generated and exhibits intricate motion across the fluid surface. Of particular importance, the
observed walking motion is due to the droplet's interaction with the waves it generates as it
bounces off of the vibrating liquid surface. With each rebound, it receives transverse kicks in its
motion dependent on the waves generated by its previous bounces. Ultimately, it is the droplet's
interaction with the superposition of these waves that produce the complex motion observed.
With variations in bath geometries and subsurface structures, the droplet's trajectory can be
manipulated to induce fascinating behavior. Over short timescales, a droplet will exhibit
seemingly random trajectories. However, when the droplet is observed over long timescales,
patterns in the cumulative motion of the droplet begin to emerge. The patterns this system maps
out over long timescales represent a compelling macroscopic analog to Louis de Broglie's
double-solution theory of quantum mechanics. 1 In order to analyze this behavior, a novel
imaging scheme and data acquisition system has been developed, enabling observations of
droplet behavior over various timescales simultaneously. An exploration into the development of
a pilot-wave hydrodynamic system, and the pilot-wave hydrodynamic experiments conducted
thereafter, is presented.
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NOMENCLATURE
Direct-imaging — Direct visualization of the pilot-wave system is achieved by placing a highframe-rate camera in direct observation of the system.
Droplet tracking — Computer software, acting on the direct images produced by a camera in
direct observation of the system, tracks the motion of the droplet. In relation to the
geometry containing the droplet, the droplet's real-time position is stored for subsequent
visualization and analysis.
Capture-rate — In the context of this experiment, the capture-rate is the frequency the directand schlieren-imagery cameras capture images. The capture-rate is reported in frames per
second.
Pilot-wave — Due to a superposition of the local waves produced by a bouncing droplet, an
evolving capillary wave field is generated. This field propagates throughout the
oscillating medium, and as the droplet interacts with it, the field guides the droplet's path.
Quantum-like — Pilot-wave hydrodynamic experiments do not exhibit quantum mechanical
behavior. Instead, this term is used to refer to a pilot-wave hydrodynamic experiment's
likeness to quantum mechanical phenomenon and its use as an analog of true quantum
mechanical behavior.
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Schlieren imagery — Robert Hooke (1635-1703) took the first pioneering steps exploring what
is known as schlieren imagery.2 Through the clever arrangement of optical elements,
density variations in transparent fluids can be made vibrantly visible. This technique is
useful when sensitive observations need to be made of seemingly invisible phenomena.
Statistical Wave — Structured patterns are often observed in the long-term cumulative nature of
a droplet's position, i.e., the build-up of a droplet's long-term trajectory. The nature of
these patterns is analogous to quantum-mechanical wave behavior, and thus, is
considered to be the statistical wave of the pilot-wave hydrodynamic system.
Trajectory heat-map — The long-term cumulative collection of the droplet's position in space
and time is plotted and associated with a color-scale representative of how often the
droplet visits each location within its corral.
Virtual instrument — A real-time video visualization of the droplet's evolving pilot-wave,
short-term trajectory, and statistical wave distribution.

xvii

1
I

RESEARCH OBJECTIVE

Introduction
When the likeness of a pilot-wave hydrodynamic system to quantum mechanical
phenomenon is considered, a pilot-wave hydrodynamic system can be regarded as a
Hydrodynamic Quantum Analog (HQA).3 For this reason, the project described herein is what is
known as an HQA, although the term "pilot-wave hydrodynamic system" may still be used when
discussing the system without reference to its quantum-like behavior. In general, an HQA system
consists of a small droplet of viscous oil—silicon oil with a viscosity of 50 centistokes (cSt)
herein—that is self-propelled across a vibrating bath of the same oil. The self-propelled nature of
the droplet's motion is due to the droplet's interaction with the waves that it generates as it
bounces off of the vibrating oil bath's surface. By controlling the vibrational frequency and
oscillation amplitude of the bath, the droplet can be made to bounce for extended periods of time
above the surface. Over increasing timescales, a rich mixture of waves develops, creating a
complex substrate upon which the droplet interacts. This interaction provides horizontal and
vertical kicks in motion proportional to the angle of incidence the droplet makes with the
perturbed oil substrate, propelling the droplet across the liquid bath in a seemingly chaotic
fashion. For short timescales, the droplet exhibits apparently random motion. Over long
timescales, however, the random motion evolves into structured patterns reminiscent of quantum
mechanical phenomena. This system, and the observed motion, serves as a remarkable analog to
some of the unique phenomena observed in quantum physics and provides a macroscopic
realization of Louis de Broglie's double-solution interpretation of quantum mechanics.1
To more deeply probe the connection between pilot-wave hydrodynamics and quantum
theory, I have devised and developed an optical arrangement that couples the ultra-sensitive
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schlieren imaging technique2 with a direct-imaging method for droplet tracking. This novel
system has allowed for the simultaneous recording of droplet position, associated pilot-wave, and
trajectory heat-map, all in real-time. These recordings have provided the images and video
necessary for direct visualization of the effect of the droplet's pilot-wave on its position, short
timescale motion, and long timescale build-up of its heat-map, which is analogous to the
quantum mechanical wave function. All of the aforementioned is critical to the evaluation of a
pilot-wave hydrodynamic system's effectiveness as an HQA, which is the fundamental objective
of this research endeavor.
Ultimately, the optical arrangement was utilized to produce an original research tool
useful for the analysis of the connection between an oil droplet and its pilot wave in any corral
geometry, e.g., circular, free, entanglement, and elliptical. With the images produced from the
apparatus, I established the framework for a virtual instrument (VI) representation that processed
the data from the optical setup in a three video panel sequence. The first panel of the VI is a
schlieren video of the pilot-wave and the oil droplet. The second panel consists of the same
schlieren video superimposed with the "comet-tail" trajectory of the droplet provided by the
direct-imaging system. The third panel shows the evolving trajectory heat-map as it builds in
unison with the other two VI panels. While the first two panels illustrate chaotic, short-term
motion, the third panel develops the statistical wave analogous to the wave function of a
quantum particle.
To the best of my knowledge, the optical arrangement and subsequent video visualization
I have created are unique in the study of HQAs and will provide original perspective into a pilotwave hydrodynamic system's connection with quantum behavior. In addition to developing the
novel optical arrangement and subsequent VI representation, I have also produced four HQA
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experiments: two of which reproduce known results (e.g., circular coral and free-particle oil bath
geometries), and two that are original. The first original HQA experiment consists of an elliptical
oil bath geometry (See Figure 16, Section V, Elliptical Geometry). This particular geometry will
be used to evaluate a droplet's behavioral-likeness to the quantum mirage phenomenon in which
an atom sitting at one focus of an elliptical quantum corral projects its properties to the
corresponding empty focal point.4 The second original HQA experiment consists of two circular
oil bath geometries joined together in a double-circular oil bath configuration (See Figure22,
Section V, Entanglement Geometry). This geometry will be used to test the interaction between
two droplets, one contained in each of the two circular regions, and their likeness to the quantum
phenomenon of entanglement in which entangled quantum systems interact across vast distances.
While the two oil bath geometries that reproduce know results serve as a means of
validating the experimental methods and procedures used herein, the other two oil bath
configurations, e.g., entanglement and elliptical, will explore original droplet behavior. More
specifically, studying whether or not a single droplet, isolated to one of two focal points of an
elliptical oil bath geometry, or whether two oil droplets contained in a double-circular oil bath
configuration, produce quantum-like phenomenon will provide new insight into HQAs and their
relationship with the bizarre and abstract realm of quantum theory.
Statement of Problem and Need for the Study
Quantum theory is a theory of the microscopic world. Because of this, it is inherently
challenging for the macroscopic (e.g., students and researchers) to come to terms with the
strange behavior exhibited by the quantum realm. It has been known for some time now that a
millimetric-sized droplet bouncing on an oscillating bath of fluid exhibits strange behavior.
Furthermore, scientists have been able to qualitatively show a connection between this strange
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droplet behavior and quantum theory. The relationship, however, relies entirely on an
experimenter's ability to convince others of the analog qualitatively. Although there are some
very well established arguments, and experimental observations supporting the analogy between
quantum theory and pilot-wave hydrodynamics, the complete connection, if any, is not fully
understood. Producing further experiments, in conjunction with unique interpretations of the
respective results, will provide valuable experimental insight useful in the evaluation of the
analogy between pilot-wave hydrodynamics as an HQA and quantum theory.
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II

LITERATURE REVIEW

Introduction
Towards the end of the 17th century, physical systems were widely accepted as behaving
deterministically. An apple falling from a tree, for example, predictably fell to the ground unless
acted upon by net external forces, i.e., the forces due to a collision with the head of a famous
historical figure in physics. Although the premise of an apple striking Sir Isaac Newton on the
head is historically debatable, Newton's revelations in physics seemed to describe the world as it
actually was. In the early 20th century, however, the idea that matter behaved in a strictly
deterministic way would begin to be challenged. In 1909 Albert Einstein introduced the idea of
wave-particle dualism in radiation theory, establishing the photon as a particle and a wave.5
Thereafter, theoretical physicist Louis de Broglie extended the notion of particle-wave dualism
to "every entity of Universe."1 Backed by extensive experimental observation—albeit, not fully
understood—modern physicists accept matter as having the intrinsic property of simultaneously
being a particle and a wave. The wavelength associated with the particle-wave duality, known
today as the de Broglie wavelength, is the result of not only de Broglie, but also many others'
efforts to ascribe the property of particle-wave duality to all matter. It turns out the particle-wave
duality of matter has some extraordinary consequences that abandon Newton's deterministic
world and favor a world of probability and bizarre behavior that seems to break common sense
and reality as is commonly experienced.
Particle-Wave Duality of Matter
In The Feynman Lectures on Physics, Vol. III, Chapter 1, Richard Feynman illustrates
one of the many bizarre occurrences matter is known to exhibit at the microscopic level. In short,
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electrons shot successively through a single slit (a single opening in an otherwise impermeable
barrier) behave as if they were physical projectiles (i.e., particles), impacting a detector screen
placed behind the slit opening in a distinct, targeted region.6 Opening a second adjacent slit,
however, produces entirely different results. Unobserved, individual electrons fired successively
essentially go through both slits at once, as if they were a wave. Stranger yet, each electron
behaves as if it were in a superposition of all possible outcomes, going through both slits, neither
slit, one slit, or the other slit all at once. This superposition of states, and interference of states
with the other possible states, produces the interference pattern on the detector screen. In other
words, the interference pattern observed on the detector screen is representative of the
probability in the position of an electron when it strikes the detector screen. What's more,
observing which slit opening the electron passes through—or even having the ability to
somehow know which slit opening the electron goes through—will collapse the wave nature of
the electron, and the electron will behave as if it were a particle, impacting the screen once more
at a well-defined, targeted region.6 The double-slit experiment is one of many experiments
demonstrating the strange behavior matter exhibits at the quantum level, behaviors which defy
logical explanation and challenge all classical interpretations.
Limitations of Classical Physics
Newtonian mechanics (classical physics) models the macroscopic world very well.
Satellite trajectories and projectile motion are two of the many examples illustrating the
advantages of a classical interpretation of reality. In fact, the theoretical models proposed by
Isaac Newton and others can express much of our everyday experiences. The models, however,
break down as speeds increase and scales diminish. An example of this breakdown in
understanding can be observed, not only in the double-slit experiment previously described, but
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also in the fact that the technology associated with modern day society, e.g., computers,
smartphones, microprocessors, etc., would not be possible without a quantum mechanical
interpretation of reality. In fact, quantum theory is the most successful and experimentally
supported theory of science to date.7 The theory remains, however, one of the most intellectually
challenging theories to understand because so much of it escapes our everyday experiences.
Nobel Prize winner in physics, Richard Feynman said in The Character of Physical Law, "There
was a time when the newspapers said that only twelve men understood the theory of relativity. I
do not believe there ever was such a time. There might have been a time when only one man did,
because he was the only guy who caught on, before he wrote his paper. But after people read the
paper, a lot of people understood the theory of relativity in some way or other, certainly more
than twelve. On the other hand, I think I can safely say that nobody understands quantum
mechanics."8 Undoubtedly, quantum theory is strange and ostensibly incomprehensible; and yet,
its abstract framework describes the world surprisingly well. For this reason, scientists are
continually looking for tools to help develop insight into the theory that to date provides the most
accurate representation of the microscopic world.
Walker's Bouncing Droplets and Quantum Theory
In 1978, Jearl Walker discovered that a soapy bubble of Ivory liquid detergent mixed
with tap water could bounce on the surface of a similar mixture for several minutes when
subjected to an oscillatory frequency between 10 and 150 hertz.9 At the time, this experiment
was of no significant importance outside of being fascinating in its own right, due in large part to
its lack of theoretical framework. Upon the establishment of a theoretical foundation, however,
Walker's discovery served as a remarkable launching point for producing a physical analogy
representative of one of the most well-known theories in quantum mechanics, Louis de Broglie's
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1927 double-solution theory. Although not as widely accepted by physicists today as the
Copenhagen interpretation of quantum mechanics, where a particle exists in an indeterminate
state until the act of observation forces the particle to exist in a definite state, the realist
interpretation of quantum theory (de Broglie's double-solution theory) remains an incomplete yet
plausible interpretation of quantum theory.10 De Broglie believed "Quantum mechanics only
[gave] statistical information, often correct, but in [his] opinion incomplete."1 In other words, de
Broglie proposed that, aside from Schrödinger's statistical wave function, there may be a real
wave guiding a particle's motion, which is excited by the particle itself.11 Furthermore, de
Broglie envisaged that rapid oscillations within a particle produce a guiding wave field. 12
Looking at Walker's bouncing bubble of soapy water, successive bounces of the bubble become
analogous to rapid oscillations within a particle; the bubble becomes analogous to the particle;
the wave produced on the soapy-water surface becomes analogous to the real wave guiding the
particle's motion; and the long-term trajectory of the bubble's position on the soapy water surface
becomes analogous to Schrödinger's statistical wave function. It would seem that the relatively
macroscopic system involving a bouncing bubble of soapy water possesses all of the necessary
qualities reminiscent of de Broglie's double-solution theory describing the microscopic world of
quantum mechanics.
Faraday's Forced Fluid Baths
Inspired by the bouncing bubble phenomena first observed by Walker, and their desire to
produce quantum-like phenomenon on a macroscopic scale, French scientists Yves Couder,
Emmanuel Fort, and coworkers began to systematically explore the behavior of a droplet
bouncing on a vibrating surface of similar fluid. 13 , 14 Drawing inspiration from research
conducted nearly 150 years earlier by Michael Faraday, these scientists found the ingredients
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necessary to produce such phenomena. Of interest was Faraday's work exploring the phenomena
associated with oscillating fluid surfaces. In 1831, Faraday published On the Forms and States
assumed by Fluids in contact with vibrating elastic surfaces. In this publication, Faraday states,
"When the upper surface of a plate vibrating so as to produce sound is covered with a layer of
water, the water usually presents a beautifully crispated appearance in the neighborhood of the
centres of vibration."15 As Faraday illustrates in his publication, the "crispated appearance" at a
specific forcing frequency present standing waves on the liquid surface being vibrated. Today,
reducing the forcing amplitude of oscillation at this frequency, to just below the onset of surface
crispation, is considered to be the Faraday threshold. In other words, in the absence of external
surface perturbations to the fluid surface, e.g., a bouncing droplet, the oscillating liquid surface
will remain flat when forced at the Faraday threshold.16 Unaware that a bouncing droplet could
be sustained on his vibrating fluid surfaces, Faraday sought to explain the nature of the
oscillating fluid surface itself. In doing so, Faraday established valuable insight into the behavior
of oscillating fluids, the foundation of bouncing droplet experiments a century and a half later.
The Union of Faraday and Walker
Coupling Faraday's work with Walker's bouncing bubble experiment, scientists have been
able to qualitatively show a connection between the strange bouncing droplet behavior and
quantum theory. The strange behavior, it turns out, is extraordinarily quantum-like if a doublesolution theory to quantum mechanics is considered. In 2005, the team of Yves Couder and
Emmanuel Fort were the first to report on the analog between a bouncing oil droplet and de
Broglie's double-solution theory of quantum particles.11 In general, an oil bath of pre-determined
geometry oscillates at a frequency just below the onset of Faraday waves, typically at a forcing
frequency of roughly 80 Hertz. The amplitude of the forcing frequency is then varied, changing
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the peak acceleration of the bath.17 Given the initial parameters of forcing, a bouncing droplet
can be produced by plucking the oscillating oil substrate with a fine tipped tool. A thin layer of
trapped air between the droplet and oscillating substrate denies coalescence of the droplet with
the bulk fluid substrate.9 Upon stabilization from the initial plucking of the droplet—all initial
parameters held constant—the droplet establishes resonance with the oscillating oil substrate. At
this frequency, bouncing droplets will impact the oscillating substrate every two periods of bath
vibration. Upon each bounce, a capillary wave packet is emitted, propagating out from the point
of impact.18 The droplet's position over time can be expressed as a range of positions calculated
probabilistically. 19 The long-term probabilistic trajectories of the droplets, it turns out, is
dependent on the forcing conditions of the bath. John W.M. Bush of MIT describes the Faraday
forcing as critical to an oil droplet experiment: first, by providing energy for both the droplet
motion and resulting wave field; and second, preconditioning the oscillating medium for a
monochromatic wave field.16 Essentially, this is the condition separating Jearl Walker's bouncing
bubble from the more systematically studied walking oil droplets of today's experiments.
Evaluated separately, neither Faraday's work nor Walker's discovery produce useful insight into
quantum mechanical phenomenon. The union of the two, first realized by the team of Couder
and Fort, however, does produce quantum-like effects.
Physical Analogy
One such quantum-like experiment comes from oscillating an oil bath of circular
geometry—analogous to the circular geometry of a quantum corral experiment. At the
microscopic level, quantum corrals are a direct result of the scanning tunneling microscope
(STM), invented by Gerd Binnig and Heinrich Rohrer, who received the 1986 Nobel Prize in
Physics for their work. A typical quantum corral, constructed of 76-Fe-atoms arranged in a
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circular corral orientation upon an atomically smooth metallic surface using a STM, exhibits
fascinating behavior. Both theory and experiment show that the local density of electron states
within a stadium-shaped quantum corral exhibit full standing wave patterns.4 Similarly, while
exploring bouncing droplets contained in circular corral geometries, John W.M. Bush reported
that there is a clear distinction between the complex pilot wave that guides the droplet and the
axially symmetric statistical wave that emerges over large timescales. This phenomenon aligns
itself well with de Broglie's double-solution theory. 20 Furthermore, the axially symmetric
statistical wave observed by Bush shows a striking resemblance to the full standing wave
patterns exhibited by the electron states in a quantum corral. Other oil bath experiments in
laboratories across the scientific community have also shown droplets exhibiting tunneling;
single- and double-slit refraction; static and dynamic bound states of multiple droplets, including
crystal lattices, orbiting pairs, ratcheting pairs, and promenading pairs; quantized Larmor levels;
Zeeman splitting; multimodal quantum-like statistics in chaotic regimes; hydrodynamic spin
states; and statistical projection effects.3,21 The sheer diversity in quantum-like phenomena
observed by the scientific community shows that there is something to be gained from exploring
pilot-wave hydrodynamics. Understanding each of these quantum mechanical phenomena is
outside the scope of this review. Fortunately, it is not necessary to understand the complexity
quantum theory presents in order to establish that a bouncing droplet (pilot-wave
hydrodynamics) has the potential to serve as a remarkable analogy to quantum mechanical
theory. In fact, it is the complex nature of quantum mechanics that entices scientists to develop
analogies in the first place. From a strictly theoretical perspective, it is hard to wrap one's mind
around the idea of matter behaving both like a wave and a particle. There is no construct in our
daily experiences that behave in such a way—except, perhaps, a bouncing droplet of oil on a
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vibrating surface of similar fluid. Pilot-wave hydrodynamics offers up a physically realizable
system that satisfies much of the necessary makings of quantum-like phenomena—a pilot-wave,
statistical wave, and a droplet (particle) existing simultaneously!
Pilot-wave hydrodynamics
Since Couder and Fort's team first demonstrated that pilot-wave hydrodynamics could
serve as an analog to some of the behavior previously thought to be exclusive to the quantum
realm of reality, others have provided additional experimental evidence in support of the analogy
between the two.22,23,24,25 Some experimenters, however, have been able to show weaknesses in
the underlying analogies presented by others. Fortunately, the expressed weaknesses are not
across the entire spectrum of pilot-wave hydrodynamics, but rather, specific experimental setups.
Andersen et al., from the Department of Physics and Center for Fluid Dynamics at the Technical
University of Denmark, for example, admit pilot-wave hydrodynamics does lead to quantum-like
behavior; however, they were unable to find supportive evidence of the droplet exhibiting
interference when subjected to a double-slit geometry.11 Despite the failure to produce droplet
double-slit interference, Andersen et al. suggest that the double-slit experiment could be
improved by operating closer to the Faraday threshold. In other words, although the droplet
interacts with a strong pilot-wave localized in the vicinity of the slit for which it transmits
through, the wave field through the other slit is too weak and ineffectually interacts with the
droplet. Once again, the importance of the Faraday threshold presents itself. In general, droplet
behavior, as one would expect, is very dependent on the conditions presented to the experiment.
Varying bath geometries and subsurface structures, for example, have become the cornerstone of
pilot-wave hydrodynamics, allowing experimenters to produce all of the unique quantum-like
behavior mentioned herein.
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Quantum Mirage and Entanglement
In recent pilot-wave hydrodynamic research, droplets have been reported to exhibit
behavior reminiscent of particle entanglement and quantum mirage effects.3,25 The reports,
however, provide no systematic study of the phenomena, suggesting more work is to be done if
these effects are to contribute to the growing perception that pilot-wave hydrodynamics serves as
a suitable analog of quantum mechanical phenomena. In theory, a quantum mirage is the result
of an atom sitting at one focal point of an elliptical quantum corral geometry projecting its
properties to the corresponding (empty) focal point.4 More generally, quantum mirages are the
result of any arrangement of adatoms or other defects that produce a buildup of surface-state
electron amplitudes at two locations within the coherence length of an electron. In a particular
quantum mirage experiment, a single Cobalt (Co) atom produced a spectroscopic mirage in an
elliptical corral constructed of magnetic Co atoms on a Cu(111) substrate. The mirage was
produced more than 70 Å away.4 Considering a Cobalt atom is approximately 192 pm26 or 1.92
Å in radius (Van der Waals radius), the projection of the atom's properties across a distance
approximately 18 times its diameter to an otherwise empty focus of an elliptical coral geometry
is bizarre, to say the least! Equally bizarre is the theory of quantum entanglement in which
entangled quantum systems interact across large distances, famously referred to by Albert
Einstein in a personal letter to Max Born as "spooky action at a distance."27 Experimenters at the
University of Science and Technology of China have performed quantum teleportation
experiments from a ground-based observatory to a low Earth orbit satellite over distances up to
1400 kilometers.28 Quantum mechanical behavior, once again, defies logical explanation and
classical interpretation. A pilot-wave hydrodynamic experiment, however, may be able to extend
insight into the phenomenon. Furthermore, producing hydrodynamic experiments whose results
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are reminiscent of particle entanglement and quantum mirage effects, in corroboration of the
reports mentioned, would be a significant triumph for the pilot-wave hydrodynamic community.
Conclusion
Pilot-wave hydrodynamics as an analog to quantum mechanical behavior, or
hydrodynamic quantum analogs (HQA), has been gaining significant traction in the scientific
community. Not only does a bouncing droplet exhibit peculiar behavior, its behavior seems to be
quantum-like. While the behavior exhibited by a millimetric droplet subjected to a harmonic
driving force is not quantum by any stretch of the imagination, the behavior the droplet exhibits
can provide a new approach to gaining valuable insight into one of the most experimentally
tested and well-accepted theories in all of physics—quantum theory. Just because quantum
theory is well established experimentally, however, does not mean it is easily understandable,
nor complete. Quantum theory is one of the most challenging subjects to understand, and as
Richard Feynman put it, it's probably safe to say, "…nobody understands quantum mechanics."8
Furthermore, physicist John Stewart Bell, known for Bell's theorem in quantum theory, was
"…rather firmly convinced that the essentially statistical character of contemporary quantum
theory is solely to be ascribed to the fact that this (theory) operates with an incomplete
description of physical systems."29 Being inherently impossible to comprehend doesn't mean
attempts to understand quantum theory are fruitless—quite the opposite is true. Pilot-wave
hydrodynamics may offer a way of reasoning through the peculiarities associated with the
particle-wave duality of matter, e.g., the probabilistic wave function, pilot wave, etc.
Furthermore, it seems entirely plausible that effects such as quantum mirages and entanglement
might also be realizable as an HQA. The droplet, analogous to a particle, clearly has a pilot
wave, analogous to de Broglie's pilot-wave, and a long-term axially symmetric statistical wave,
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analogous to Schrödinger's statistical wave function. Whether or not the nature of reality behaves
in this manner, as de Broglie's double-solution theory suggests, is debatable. No matter the
outcome of the debate, however, pilot-wave hydrodynamics can offer a unique and realizable
way of thinking about quantum theory in a comprehensible way, potentially enabling a deeper
way of evaluating the underpinnings of nature itself. John S. Bell perhaps said it best in On the
Impossible Pilot Wave: "Long may Louis de Broglie continue to inspire those who suspect that
what is proved by impossibility proofs is lack of imagination."29
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III

PROJECT DESIGN OVERVIEW

The pilot-wave hydrodynamic experiments discussed herein consist of five primary
experimental components. These components, e.g., shaker, oil bath, direct-imaging and droplettracking schemes, and a way to envisage the results, must work in unison to ensure a complete
pilot-wave hydrodynamic system. It is only when a complete pilot-wave system is established
that a study of a bouncing oil droplet's quantum-like properties as an HQA can be fully explored.
In an effort to probe the connection between a bouncing oil droplet and the quantum-like
properties it exhibits, the following was developed:
Shakers
In the context of pilot-wave hydrodynamics, a shaker is a device that rapidly oscillates an
attached mass in a consistent and controllable manner. For the experiments discussed herein, two
shakers were employed. The first shaker, a commercial grade permanent magnet shaker, was
utilized as the primary shaker. The second, custom built, shaker was employed as an
experimental system to improve the leveling characteristics of the pilot-wave hydrodynamic
system. Additionally, the second shaker served as a backup to the primary shaker.
Oil baths
An oil bath is a small container, typically no more than a few centimeters in diameter and
a few millimeters in depth, that holds oil. Two types of oil baths were used in the experiments
discussed herein: those that corroborated other researcher's HQA results or demonstrated
expected phenomenon, e.g., circular coral and free-particle, and those that explored original
HQA phenomena. Corroborating the results of other researches, and experimentally producing
expected results, provided experimental evidence validating the methods and procedures used
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within this thesis. Upon the successful corroboration of the aforementioned, two original bath
geometries were developed. The first of these geometries explores droplet entanglement and the
second explores droplet mirage effects, analogous to quantum entanglement and mirages
respectively.
Imaging
In general, HQA experiments are extremely fruitful and offer a seemingly endless
amount of experimental inquisition, limited only by the level of imagination and inventiveness of
the researcher. In order to capitalize on the volume of available information associated with these
experiments, a novel optical arrangement, coupling the ultra-sensitive schlieren imaging
technique2 with a direct-imaging system used for droplet tracking, was developed. This system is
unique in its ability to capture the essence of the physical droplet as it moves under the influence
of its evolving pilot-wave.
Droplet Tracking
Dependent on the raw information provided by the novel optical arrangement, droplet
tracking is fundamental to a pilot-wave hydrodynamic experiment. The knowledge of a droplet's
trajectory in space and time provides the information necessary to build the droplet's associated
short-term trajectory and subsequent long-term statistical wave—analogous to Schrödinger's
well-known statistical wave function. This information is collected by subjecting the oil bath
surface to a bright source of light in such a fashion that the bouncing oil droplet is the most
reflective object within the field of view of the direct-imaging camera. Computer software,
developed in LabVIEW™ (Laboratory Virtual Instrument Engineering Workbench) by Dr. Jan
Chaloupka, is then utilized to track the reflecting droplet, recording its position in space relative
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to the geometry confining it. Additionally, knowledge of the capture-rate of the droplet's position
provides a detailed picture of how the droplet motion evolves with time.
Virtual Instrument
In addition to developing the droplet-tracking software in LabVIEW™, Dr. Jan
Chaloupka also developed the Interactive Data Language (IDL) software used to create the
droplet-trajectory plots observed herein. By coupling the raw data provided by the novel imaging
arrangement with the results from the droplet-trajectory plots, a virtual instrument unique to the
study of pilot-wave hydrodynamics was created. This VI combines the schlieren and direct
images with the tracking and long-term statistical information into one resource, allowing for a
thorough picture of a bouncing droplet's quantum-like behavior, e.g., droplet and pilot-wave
images, short-term droplet trajectory, and the long-term statistical build-up of the trajectory heatmap, to be envisaged and evaluated.
Project Budget and Location
The experimental components of the pilot-wave hydrodynamic experiment previously
mentioned were developed over four semesters of study. The project was built and conducted in
Dr. Jan Chaloupka's—professor of physics at the University of Northern Colorado—lab, located
in Ross Hall 0124. Funding for the project was provided for by the University of Northern
Colorado's Office of Undergraduate Research, Student Research Fund, and Department of
Physics and Astronomy, and is listed in the Acknowledgments section of this thesis. A detailed
list of the materials utilized in this experiment is provided in Table 1. In addition, a description
and use of the materials in this experiment can be seen in Appendix A.
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Table 1. Pilot-Wave hydrodynamic experiment budget.

Line

Qty

Item

1
2

1
2

Sentech STC-MCA5MUSB3 CS-Mount 5MP Camera (Color)
75 x 75mm 50R/50T, VIS Plate Beamsplitters

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

2
2
1
1
1
1
1
1
1
4
1
2
2
1
1
4
1
2
1
2
1
1
1
1
1
1
2

75mm x 100mm FL, MgF2 Coated, Achromatic Doublet Lens
LMR75–Lens Mount w/ Retaining Ring, Ø75 mm Optic, 8-32
Aluminum Breadboard 24" x 24" x ½", 1/4"-20 Taps
LIUCWHA – Cold White LED Array Light Source
LIU-PS – DC Power Supply for LIU Series Array, 24V
DMK 22BUC03, Camera, USB 2.0, 1/3" CMOS, mono.
Black PRO Series ABS Filament – 1.75mm (1kg), 3D Printer
Beyma 12SW1300ND, Subwoofer
Carbon Fiber Tube
Cylinder, 3/16" x 1/2" x 1/4", N52, NI, Magnet
Ring, Pair, 1" x #10 x 3/16", N42, NI, C-sunk, Magnet
Ring, 1" x 1/2" x 1/8", N42, NI, Magnet
Sphere, 5/16", N42, NI, Magnet
Machine Grd. ABS, 3" x 12"
Permanent Magnet Shaker (Data Physics, Signal Force™, GW-V20)
0.093" x 30" x 36", Clear Acrylic Sheet
Magnet Disc Neodymium, 0.47 x 0.11, 6pk
Hinge, Utility, 1.5"
Pull, Door_LD_4-7/8"_BLK, Handle
Tamron M13VM288IR CS-Mount 2.8 to 8mm Varifocal Lens
Bumper, Plastic 7/8", (qty: 8)
½" XYZ Dovetail Translational Stage with Baseplate, 8-32 Taps
Rotational Adapter
6.0 mm diameter Cage Rod Adapter
60 mm Cage Mounting Bracket
Right-Angle End Clamp for ½" Diameter Posts
Cage Assembly Rod, 10" Long, 6 mm Diameter

Price

Total

$429.00
$225.00

$429.00
$450.00

$235.00
$53.55
$493.00
$243.74
$64.09
$284.00
$42.00
$403.84
$12.46
$0.86
$8.01
$2.66
$0.99
$131.92
$5525.00
$28.98
$3.98
$2.48
$2.97
$118.00
$5.29
$324.8
$81.59
$52.96
$37.73
$17.59
$19.16

$470.00
$107.10
$493.00
$243.74
$64.09
$284.00
$42.00
$403.84
$12.46
$3.44
$8.01
$5.32
$1.98
$131.92
$5525.00
$115.92
$3.98
$4.96
$2.97
$236.00
$5.29
$324.8
$81.59
$52.96
$37.73
$17.59
$38.32

TOTAL

$9597.01
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IV

SHAKERS

The shakers utilized in this research endeavor provided the energy necessary to conduct a
pilot-wave hydrodynamic experiment. Figure 1 illustrates the necessary oscillation
characteristics of the pilot-wave shaker system. Of particular importance is the shaker's ability to
provide a pure and stable harmonic oscillation, and continue to do so when subjected to a load,
i.e., the weight of an oil bath.

Figure 1. A particular oil bath geometry oscillating with a pure sinusoidal frequency of (f = 1/T) and forcing
amplitude of (A).

Commercial Shaker
The Data Physics, Signal Force™, GW-V20/PA30E
permanent magnet commercial shaker (Figure 2), provides a
pure and stable sinusoidal oscillation, specifications of which
can be seen in Table 2. Previous oscillator's inability to
steadily drive oil baths of mass more than 60 grams, and at
frequencies above 70 Hz, led to the purchase of this
commercial shaker. This shaker's ability to drive oil baths
Figure 2. Permanent Magnet Commercial
Shaker (Data Physics, Signal Force™, GWV20/PA30E).

with a mass in excess of the aforementioned limit, and at a
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wide range of frequencies (with an upper limit in excess of 100 Hz), suited itself well for the
pilot-wave hydrodynamic experiments conducted herein. To accommodate the changing of oil
baths, the commercial shaker was custom fitted with the quick-connect oil bath exchange system
seen on page 28 of this thesis (Custom Shaker Components and Assembly, Figure 8).
Commercial Shaker Specifications
Table 2. GW-V20/PA30E Permanent Magnet Shaker specifications provided by the
Data Physics Corporation.

Maximum Sine Force
Maximum Random Force
Maximum Shock Force (At 3 mSec)
Maximum Acceleration (Sine)
Maximum Velocity
Rated Travel (Peak to Peak)
Armature Diameter
Armature Mass
Insert Threads
Armature Resonance (±5%)
Frequency Range (Minimum)
Frequency Range (Maximum)
Axial Stiffness
Shaker Body Mass (Includes Trunnion)
Electrical Power Consumption (kVa)

U.S. Customary

SI

11.9 lbf
4.0 lbf

53.0 N
17.6 N

17.9 lbf
32 g
45 ips
0.4 in
1.5 in
0.37 lbs
#10-32 (SAE)
12000 Hz
DC
14000 Hz
63.8 lbf/in
44 lbs
0.10

79.5 N
313.8 m/s^2
1.1 mps
10.0 mm
38.0 mm
0.17 kg
M5 (Metric)

1.14 kgf/mm
20 kg

Custom Shaker
Early research, conducted in cooperation with Tyler Onufrak (see Acknowledgments),
led to the discovery that an oscillator's (typically a speaker) effectiveness as a pilot-wave
hydrodynamic shaker is directly influenced by the mass the oscillator must drive, and the
frequency it must drive the mass at. For masses in excess of 60 grams, and frequencies exceeding
70 Hz, the effectiveness of the early oscillators as a pilot-wave hydrodynamic shaker rapidly
degraded. Early pilot-wave experiments were, therefore, restricted to masses and frequencies
below the aforementioned mass and frequency values. Furthermore, increases in the mass the
early oscillators drove only reduced the upper-frequency limit, significantly restricting the
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oscillator's effective range as a pilot-wave hydrodynamic shaker. A custom shaker system,
designed to minimize the limitations of the early oscillators, was developed. The custom shaker
provided the ability to effectively operate with masses and frequencies in excess of 60 grams and
80 Hz respectively.
Theory of Weight Reduction and Effective Weight

Figure 3. Magnetically stabilized weight reduction system.

Due to previous oscillator's inability to efficiently drive larger masses, a clever
arrangement of magnets was used to reduce the weight the oscillator would have to drive
(Figure 3). This arrangement relied on the strategic placement, and repulsive nature, of
magnets to counter some of the gravitational force exerted on the oscillator due to the
subjected load. This net reduction in force resulted in a new "effective weight" the
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oscillator oscillated, such that the effective weight was less than the weight of the actual
subjected load. This arrangement, coupled with a high-end speaker as the driving
mechanism, was a significant improvement upon previous pilot-wave shaker systems.
In reference to Figure 3, if the effective weight the shaker must oscillate is to be a
minimum, then
!! = !!
Furthermore, by using the relationships
!! = !"

!! = !!"# sin θ

sin ! =

!
!

!=

±

!! − ! !

an expression can be derived for !!"# such that the effective weight the shaker must
oscillate will be neutralized. The expression for the force of repulsion between the
cylinder and ring magnet, !!"# , needed to neutralize the subjected load (m) being
oscillated is as follows:
!!"# =

!"#
!! − ! !

(1)

Upon utilizing the expression for !!"# , and having knowledge of the actual
force of repulsion between the magnets being used in the construction of the custom
shaker (data provided for by manufacturer K&J Magnetics Inc.), an analysis validating
the custom shaker design was conducted. Due to the complexity of determining the forces
between magnets of varying quality and dimension, K&J Magnetics Inc. only provides
the attractive/repulsive forces between two like magnets. In other words, data comparing
the attractive/repulsive force between the cylinder and ring magnet utilized in the custom
shaker design presented herein were not available. For this reason, a minimum and
maximum experimental force of attraction/repulsion was determined by evaluating the
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forces between two N52 grade neodymium cylinder magnets (F1), of radius 3/16 inch
and thickness 1/2 inch (weakest), and two N42 grade neodymium ring magnets (F2), of
outer diameter 1-1/2 inch, inner diameter 1/2 inch, and thickness 1/4 inch (strongest),
respectively. Knowing that the actual experimental arrangement of magnets results in a
repulsive force between a cylinder and a ring magnet, it is clear that the actual
experimental magnetic force of repulsion will fall somewhere between the
aforementioned minimum and maximum values. Table 3 illustrates the minimum and
maximum magnetic forces of repulsion for various separation distances.
Table 3. Magnetic force of repulsion between two cylinder (3/16" X 1/2", N52), F1, and Ring (1-1/2"
X 1/2" X 1/4", N52), F2, magnets, The Original K&J Magnet Calculator (Repelling), K&J Magnetics
Inc., https://www.kjmagnetics.com/calculator.repel.asp.

Distance (d), [m]

Force (F1), Min., [lbf]

Force (F2) , Max, [lbf]

0.0
0.000508

2.60
1.56

32.97
26.35

0.001016
0.001524
0.002032
0.00254
0.003048
0.003556
0.004064
0.004572
0.005080
0.006350
0.007620
0.008890
0.010160
0.011430
0.012700
0.013970
0.015240
0.016570
0.017780
0.019050
0.020230
0.021590
0.022860
0.024130
0.025400

1.14
0.87
0.68
0.54
0.44
0.36
0.29
0.24
0.20
0.13
0.09
0.06
0.04
0.03
0.02
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00

22.90
20.32
18.24
16.50
15.02
13.73
12.60
11.60
10.71
8.86
7.41
6.25
5.31
4.54
3.90
3.36
2.92
2.53
2.21
1.93
1.70
1.49
1.31
1.16
1.03
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The validity of the custom shaker design was determined by plotting, and
qualitatively analyzing, the two-term exponential regression models of F1 and F2
(Appendix B) with the theoretical model for !!"# across an experimentally realistic
range of separation distances (!) (Figure 4).

Figure 4. Plot of the two-term exponential regression models for the minimum and maximum magnetic force with
theoretical model for the magnetic force needed to minimize effective weight.

In reference to Eq. 1, on p. 23, the experimentally determined quantities of (x) and
(m) were 0.0127 meters and 200 grams respectively. These values, which present
themselves in the calculation of the two-term exponential models previously mentioned,
were determined from careful measurement of the actual custom shaker apparatus and an
anticipated maximum oil bath mass for which it would oscillate. In Figure 4, the
Threshold Distance is the distance for which (x) and (d) in Eq. 1 are equal. Recognizing
that the value of (d) can never be less than the value of (x), it is clear to see that the
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Threshold Distance is the minimum separation distance between the magnets used in the
custom shaker design.
Qualitatively evaluating Figure 4, it is clear to see that !!"# falls well within the
minimum and maximum values of the experimental magnetic repulsions of F1 and F2
respectively. For this reason, the magnetic arrangement of the custom shaker will counter
a significant portion of the mass being oscillated; and in doing so, the custom shaker will
be a significant improvement upon previous shaker designs.
Custom Shaker Components and Assembly
A Beyma 12SW1300ND subwoofer
(left)

was

used

as

the

oscillating

mechanism in the custom shaker design.
This high-quality subwoofer contains a
strong neodymium magnet, which allows it
to be operated at high amplitudes and
under large loads. The dust cap of the
Figure 5. Beyma 12SW1300ND subwoofer with dust cap
removed.

subwoofer was removed (Figure 5) to
accommodate the installation of the

magnetically stabilized weight reduction system (Figure 3).
An insert was custom designed, and 3D printed out of ABS plastic to receive a
grade N52 neodymium recessed magnet (Figure 6). The recessed magnet served two
functions. First, the recessed magnet repelled the neodymium magnet of the Beyma
12SW1300ND subwoofer. This repulsive interaction served to further reduce the effective
weight the speaker had to oscillate, improving its quality as a pilot-wave hydrodynamic
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oscillator. Second, the recessed region in the magnet served as a swivel point for the
carbon fiber tube that would be subsequently attached.

Figure 6. 3D printed insert (left) and insert with recessed magnet installed (right).

Figure 7. Components and assembly of the magnetically stabilized weight reduction system.
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In reference to Figure 7, a
carbon fiber tube was used to house
the N52 grade neodymium cylinder
magnet. An N42 grade neodymium
sphere magnet was fused to the base
Figure 8. Quick-connect oil bath exchange system with magnets
strategically placed to ensure the respective oil bath being
mounted is always in the same axial orientation.

of the carbon fiber tube to act as a
strong but free-moving pivot point

for the magnetically stabilized weight reduction system when joined with the 3D printed
insert and recessed magnet component. A quick-coupler arrangement, designed to
accommodate the changing of oil bath geometries (Figure 8), was designed and installed
on the custom-built shaker system. The quick-coupler arrangement was designed for
direct and magnetically stabilized weight reduction system mounting configurations. The
magnetically stabilized weight reduction system quick-coupler component, seen in the
upper right corner of Figure 7, has a post attached to its base that allows for it to be
directly mounted to the top of the carbon fiber tube. The aluminum insert in the top of the
carbon fiber tube allows for a "true" seat of the quick-coupler component. The directmount quick-coupler component allows for the direct attachment of the oil bath to the
subwoofer when the carbon fiber tube is removed. The arrangement is quickly
transformed back into the magnetically stabilized weight reduction system by installing
the carbon fiber tube assembly. Of particular importance is the fact that the free-pivoting
motion of the carbon fiber tube will not be restricted in any way. This freedom of
movement will allow for easy leveling of the oil bath when it is attached to the quickcoupler component of the magnetically stabilized weight reduction system. The complete
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magnetically stabilized and direct-mount assembly will be fused to the Beyma
12SW1300ND subwoofer with silicone sealant. The silicone sealant will provide a strong
but flexible bond, allowing for the efficient transfer of the speaker's energy to the pilotwave hydrodynamic system.
Direct-Mount Configuration
Implicit in the name, the direct-mount configuration allows for the oil bath to be
directly attached to the Beyma 12SW1300ND subwoofer via the quick-connect oil bath
exchange system (Figure 8). Figure 9 shows the fully operational custom shaker, in a
direct-mount configuration, as a pilot-wave hydrodynamic circular corral analog
experiment.

Figure 9. The custom-built pilot-wave hydrodynamic oscillator as a direct oil bath
mounting system.

30
Magnetically Stabilized Configuration
The N42 grade neodymium ring magnet, seen in Figures 3, 7, and 10, serves two
functions. As previously described, the interaction between the ring magnet and N52
grade neodymium cylinder magnet (contained within the carbon fiber tube) produce a
repulsive force that reduces the effective weight the Beyma 12SW1300ND subwoofer
must oscillate. In addition to the reduction in effective weight, the interaction between the
magnets also allows for the oil bath to be easily leveled. By attaching the ring magnet to a
multi-axis translational system (Figures 10 and 11), the ring magnet can be translated
left, right, up, and down—allowing for precise control of the oil bath's orientation.

Figure 10. The custom-built pilot-wave hydrodynamic oscillator as a magnetically stabilized weight reduction
system.
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Complete Pilot-Wave System With Custom Shaker
With the custom shaker aligned beneath the novel imaging apparatus, Figure 11
shows a complete pilot-wave hydrodynamic system. This system is original in the study
of HQAs.

Figure 11. Complete custom shaker system as a pilot-wave hydrodynamic shaker with direct
mount and magnetically stabilized weight reduction system options.
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V

OIL BATHS

Like the early shaker systems built with the help of Tyler Onufrak (see
Acknowledgements), the shaker systems discussed herein were also limited by the mass they
could efficiently oscillate. In response to this limitation, all oil baths were 3D printed out of ABS
and PLA plastic. In comparison to the quantum corral oil bath used with Tyler Onufrak, which
weighed 65.9 grams, the 3D printed quantum corral oil bath (Figure 18) weighs a mere 14.0
grams—a 78.76 percent reduction in mass. Keeping the mass of the oil baths used herein to a
minimum significantly extended the operational range of the shakers.
Another benefit of 3D printing was the customizability that 3D printing offers. Each oil
bath was designed with the quick-connect oil bath exchange system (Figure 8) and printed black
to reduce reflective interference when the
novel imaging apparatus is tracking the
droplet. Figure 12 illustrates a typical 3D
print. In addition, the ability to design the
3D
Figure 12. 3D printing of the free-particle oil bath geometry.

models

allowed

for

in

AutoCAD™

very

specific

software
geometric

dimensioning. In reference to Figure 13, all
oil bath geometries were designed with a (0.7±0.5) millimeter diameter droplet in mind.
Mapping the oil droplet's diameter to the diameter of the atoms used in actual quantum corral
experiments, oil bath dimensions representative of their quantum mechanical counterpart were
extrapolated and incorporated into each oil bath design. The ability to 3D print each oil bath with
dimensions representative of their quantum mechanical counterpart significantly strengthened
their effectiveness as HQAs.
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Figure 13. A droplet trapped in a trough of Standing Faraday waves. The droplet's diameter, with an uncertainty in
measurement, is (0.7±0.5) millimeters.

Elliptical Geometry
The elliptical oil bath geometry (Figure 14) was
designed to model the projection properties of a single
Cobalt atom contained at one focal point of an elliptical
corral geometry projecting its properties to the
Figure 14. 3D model of an elliptical oil bath
geometry, analogous to the geometry of a
quantum mirage.

corresponding empty focal point—a distance of
approximately 18 times the diameter of the Cobalt

atom.4 Using an oil droplet diameter of (0.7±0.5) millimeters (Figure 13), the elliptical oil bath
dimensions, representative of a quantum mirage experiment, were determined. In addition, the
oil bath was designed to incorporate a shallow region of oil surrounding the portion of the
elliptical bath containing the droplet. This shallow region simulates the leaky walls of a quantum
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corral and prevents the oil droplet from interacting with the hard barrier surface of the oil bath as
it walks across the oscillating oil surface. As a final condition, the oil bath was designed with an
oil depth conducive to standing Faraday waves (Figure 13). The calculations to determine the
elliptical oil bath geometry parameters are as follows:
Anticipated Projection Distance
Based on the projection properties of a quantum mirage, and an oil droplet
diameter of 1 millimeter, the experimental droplet projection distance will be 18
millimeters.
Determining the Experimental Oil Bath Parameters

Figure 15. Experimental parameters of an elliptical oil bath
geometry.

Formula for the Experimental Parameters of an Ellipse

! ! = !! − !! ∶
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!
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In reference to Figure 15, there are two ellipses that were considered in the
calculations of the elliptical oil bath geometry, i.e., the inner (a1, b1) and outer (a2, b2)
elliptical regions. The distance between the center of the oil bath and either focus (c),
however, is the same for both elliptical regions.

!=

!"#$%&' !"#$%&'(#) !!"#$%&' 18 !!
=
= 9 !!
2
2

As observed in Figure 15, there will be a 15-millimeter buffer between all vertical
interface surfaces. The calculated values of a1, b1, a2, and b2 (Appendix C) are as
follows:
!1,

!1,

!2,

!2 = 24,

22.2486,
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37.9473 !!

The complete elliptical oil bath design, modeling the geometry of a quantum mirage
experiment, and the 3D printed oil bath that resulted from the design, is presented in Figure 16.
The mass of the 3D printed elliptical oil bath, with the quick-connect oil bath exchange system,
is 31.1 grams.

Figure 16. Elliptical oil bath geometry analogous to the geometry of a quantum mirage experiment.
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Circular Geometry
This particular geometry is arguably one of
the most well-studied geometries in all of pilotwave hydrodynamics. For this reason, the circular
oil bath geometry is an excellent test of a shaker's
ability to serve as an effective pilot-wave
hydrodynamic
Figure 17. 3D model of a circular oil bath geometry,
analogous to the geometry of a quantum corral.

oscillator.

Not

only

does

corroborating the known results of other researchers
validate the effectiveness of the shaker systems used

herein, but it also tests the experimenter's capability as a HQA researcher.
Like the elliptical corral geometry, the circular corral geometry is designed to model
quantum mechanical phenomenon—in this case, the quantum corral. The dimensions for this oil
bath geometry were based on the circular oil bath parameters of researchers Daniel M. Harrisi,
Julien Moukhtarii, Emmanuel Fortiii, Yves Couderii, and John W.M. Bushi.
The complete circular oil bath design, modeling the geometry of a quantum corral
experiment, and the 3D printed oil bath that resulted from the design, is presented in Figure 18.
The mass of the 3D printed circular oil bath, with the quick-connect oil bath exchange system, is
14.0 grams.

i
ii

Department of Mathematics, Massachusetts Institute of Technology

iii

Laboratoire Matieres et Systemes Complexes, Universite Paris Diderot
Institut Langevin, ESPCI Paris Tech, Universite Paris Diderot
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Figure 18. Circular oil bath geometry analogous to the geometry of a quantum corral experiment.

Free-Geometry
Arguably one of the easiest oil bath
geometries to conceptualize, the free-geometry oil
bath was designed to simulate a droplet free of a
container. In other words, a droplet walking on an
Figure 19. 3D model of a circular free-geometry oil
bath.

infinitely large oscillating mass of fluid will, in
theory, move in a strait-line trajectory unless acted

upon by external forces. By making the region for which a droplet may explore as it walks across
the oscillating surface significantly larger than the droplet itself, the expected strait-line behavior
can be tested. An arbitrarily large diameter of 8 inches (203.3 millimeters) was chosen for the
circular free geometry (Figure 19). This diameter is approximately 290 times larger than the
droplet diameter of Figure 13, which is sufficiently large enough to model the expected freegeometry behavior of an oil droplet.
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The complete circular free-geometry oil bath design, modeling the behavior of an oil
droplet in the absence of a container, and the 3D printed oil bath that resulted from the design, is
presented in Figure 20. The mass of the 3D printed circular free-geometry oil bath, with the
quick-connect oil bath exchange system, is 168.3 grams.

Figure 20. Circular free-geometry oil bath modeling the behavior of an oil droplet in the absence of a container.

Entanglement-Geometry
In an attempt to explore the behavior of two
interacting droplets, and their potential analog to
quantum entanglement, an exploratory oil bath
geometry was developed. Two circular corral oil
baths were merged into a single double-corral bath
configuration (Figure 21). Given the success of a
Figure 21. 3D model of an exploratory entanglementgeometry oil bath.

single circular corral oil bath as a hydrodynamic
quantum analog, the merger of two circular corral

oil baths might provide the conditions necessary to observe droplet entanglement behavior in
which the two droplets interact across a relatively large distance.
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The complete entanglement-geometry oil bath design, exploring the behavior of two
interacting droplets across relatively large distances, and the 3D printed oil bath that resulted
from the design, is presented in Figure 22. The mass of the 3D printed entanglement-geometry
oil bath, with the quick-connect oil bath exchange system, is 19.4 grams.

Figure 22. Entanglement-geometry oil bath exploring the behavior of two interacting droplets across relatively large
distances.
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VI

IMAGING

Unique to this study of pilot-wave hydrodynamics is the novel imagining apparatus of
Figure 23. This scheme will allow for visualizing the short-term chaotic motion of the droplet as
it interacts with the guiding pilot-wave, as well as, the long-term statistical build up of the
trajectory heat-map. This scheme will help make direct connections between the droplet's pilotwave and droplet motion across a range of timescales.
The apparatus was designed and laid out in AutoCAD™ software to accommodate two
45-degree beamsplitters, the focal lengths of two collimating lenses, the placement of two highframe-rate cameras, and the placement of a knife-edge for schlieren imaging. Due to the custom
nature of the individual components, extensive use of a 3D printer was necessary to construct
this device.

Figure 23. Novel composite imaging apparatus.
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The novel composite imaging apparatus (Figure 24) was assembled on an optical
breadboard to accommodate its installation above the pilot-wave hydrodynamic shakers
discussed herein. Furthermore, in reference to Figure 23, the knife-edge component was 3D
printed and assembled on a multi-axis translational system to provide precise control of the
knife's placement within the focus of the converging schlieren lens. Figure 25 illustrates the
process of making the schlieren knife-edge component. A complete view of the installed novel
composite imaging apparatus above the Data Physics, Signal Force™, GW-V20/PA30E
permanent magnet shaker, with the knife-edge installed, can be seen in Figure 26.

Figure 24. Novel composite imaging apparatus (without the schlieren knife-edge component).
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Figure 25. Schlieren knife-edge component assembly.

Figure 26. Fully operational composite imaging apparatus.

Figure 27 shows the images collected from an auxiliary side-view camera (left) and the
novel composite imaging apparatus. The purpose of the auxiliary side-view camera is to collect
close-up images of the bouncing droplet as it wanders about the oil bath's surface. Additionally,
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images and video collected from the auxiliary side-view camera will allow for detailed
measurements of the HQA system being studied, an example of which can be seen in Figure 13.
The middle panel of Figure 27 shows the view as seen from the tracking camera. The images
from this camera will be feed into droplet-tracking software and provide the mechanism for
locating and tracking the droplet within its confining geometry. The panel on the right of Figure
27 shows the view as seen from the schlieren-imaging camera. The images from this camera will
show a detailed view of the droplet's evolving pilot-wave, a phenomenon previously unobserved
in our lab. Figure 28 shows a time-series sequence of a schlieren video, approximately 1-second
in duration, of a droplet and its pilot-wave in the circular corral geometry of Figure 18.

Figure 27. Novel composite imaging apparatus images of the circular corral oil bath: side-view (left), tracking-view (middle),
and schlieren-view (right).

Figure 28. Time-series sequence of a schlieren video (approximately 1-second in duration) of a droplet and its evolving pilotwave in a circular corral oil bath geometry (image capture rate of 11.5 frames-per-second).
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VII

DROPLET TRACKING

As previously mentioned, the images from the tracking camera of Figure 24 will be fed
into droplet-tracking software, providing the mechanism for locating and tracking the droplet
within its confining geometry. Developed in LabVIEW™ by Dr. Jan Chaloupka (see
Acknowledgments), the droplet-tracking software used herein is designed to track light. More
specifically, when the region containing an oil bath is bathed in bright light, the oil bath will
reflect large amounts of light into the tracking camera. The tracking software then turns the
reflected light into a binary (on or off) color scheme, dependent on the software's sensitivity to
the incoming light. By adjusting the sensitivity of the tracking software, detail within the bath
can be resolved in a binary, black (off) and white (on), color scheme. The leftmost panel of
Figure 29 illustrates this result. When applied to an HQA experiment (an oil droplet bouncing on
the surface of an oscillating oil bath), the sensitivity of the tracking software can be adjusted so
that only the droplet's reflected light is converted into the binary color scheme, showing up as a
small white region (Figure 29, right). By taking the center-of-mass of this small white region, an
ordered-pair location can be obtained for the droplet's location within the oil bath containing it.
Furthermore, with knowledge of the camera's capture-rate, a speed for the droplet can be
extrapolated.

Figure 29. Typical droplet tracking scheme illustrating the filtering characteristics of the reflected light.
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Figures 30-32 show the typical droplet-tracking schemes for a single droplet in a circular,
free, and elliptical geometry oil bath and their corresponding raw image. The exclusion of the
entanglement geometry will be discussed in Section IX, Pilot-Wave Hydrodynamics, Pilot-Wave
Hydrodynamic Experimental Results, Entanglement Geometry, p. 58, of this thesis. For
aesthetics and usability of the droplet tracking user interface, the raw binary image, seen in
Figure 29, was excluded from the experimental droplet-tracking panel.

Figure 30. Raw image and droplet tacking user interface for a circular corral oil bath using the commercial shaker system of
Figure 34 and an image capture rate of 11.5 frames-per-second.

Figure 31. Raw image and droplet tracking user interface for a free-geometry oil bath using the custom shaker system of
Figure 11 and an image capture rate of 11.5 frames-per-second.
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Figure 32. Raw image and droplet tracking user interface for an elliptical oil bath using the custom shaker system of Figure
11 and an image capture rate of 11.5 frames-per-second.
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VIII VIRTUAL INSTRUMENT (VI)
In order to envisage the data collected from the novel imaging apparatus previously
described, a novel virtual instrument representation has been devised (Figure 33). This novel VI
arrangement allows for the simultaneous recording of droplet position, associated pilot-wave,
and trajectory heat-map, all in real-time. With this information, direct visualization of the effect
of the droplet's pilot-wave on the droplet's position, the droplet's short timescale motion, and the
long timescale build-up of the droplet's heat-map can be achieved.

Figure 33. Snap-shot of the novel virtual instrument: schlieren-view (left), schlieren-view with 10-second comet-tail
trajectory (middle), and long-term trajectory heat-map (right).

Ultimately, the goal of developing this optical arrangement was to produce an original
research tool useful for the analysis of the connection between an oil droplet and its pilot wave in
any corral geometry, e.g., circular, elliptical, entanglement, and free. The leftmost panel of the
novel VI (Figure 33) is a schlieren-image video of the pilot-wave and oil droplet. The middle
panel consists of the same schlieren-image video superimposed with the 10-second "comet-tail"
trajectory of the droplet provided by the direct imaging and droplet tracking system previously
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described. In reference to the color-scale of Figure 33, the comet-tail trajectory illustrates the
relative speed of the droplet by attributing color to the time a droplet spends in any one location,
i.e., the longer a droplet is in a particular location, the brighter the droplet's trajectory will
appear. Dark colors, therefore, represent higher relative speeds since less time was spent in those
regions of the oil bath. What is more, the color-scale also illustrates the probability density of the
oil droplet by showing regions of the oil bath the droplet frequented most often. The rightmost
panel shows the evolving trajectory heat-map as it builds in unison with the other two panels.
Noting that the color-scale is a representation of how long a droplet spends in any one location,
the long-term trajectory heat-map (Figure 33, right) shows a probability distribution of the
droplet's position in space, i.e., where the droplet is most likely to frequent as it walks across the
oil bath's surface. While the first two panels illustrate chaotic, short-term motion, the third panel
develops the structured statistical wave of the walking oil droplet, analogous to the wave
function of a quantum particle.
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IX

PILOT-WAVE HYDRODYNAMICS

Upon combining the shakers, oil baths, direct imaging and droplet tracking schemes, and
the virtual instrument previously described, a complete pilot-wave hydrodynamic system was
established. While Figure 33 illustrates the VI necessary to visualize a droplet's short- and longterm behavior, to include the droplet's guiding pilot-wave, Figure 34 illustrates the hardware
components of a complete pilot-wave hydrodynamic system. With changes in oil bath
geometries, the study of a bouncing oil droplet's various quantum-like behaviors was studied.
The experimental setup, operational procedures, and observed results from elliptical, circular,
free, and entanglement geometries are presented.
Pilot-Wave Hydrodynamic Shaker and Imaging System

Figure 34. Complete pilot-wave hydrodynamic system.
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Conducting a Pilot-Wave Hydrodynamic Experiment
In order to excite droplet behavior worth studying as an HQA, specific operational
conditions were developed. The operating conditions that resulted in quantum-like behavior of a
bouncing droplet are as follows:
Pilot-Wave Hydrodynamic Experimental Setup
In order to provide sufficient
energy for the oscillation of the various
oil bath geometries used herein, a 100watt power amplifier was used to
operate the Data Physics Signal Force
GW-V20/PA30E

permanent

magnet

shaker. The amplifier was fed with a
sinusoidal signal provided by a Pasco
function generator, upon which, the
Figure 35. Function generator (top) and amplifier (bottom).

amplified signal was directed to the
oscillator. Figure 35 shows the function

generator, and power amplifier used. Similarly, a 50-watt amplifier and Pasco function
generator were used to similar effect by the custom shaker discussed in Section IV
(Shakers) of this thesis.
In order to isolate the permanent magnet shaker from external sources of
vibration, two methods were employed. First, an optical table (Figure 38) with vibration
isolation supports from Thorlabs, Inc., designed to minimize interference from largeamplitude sources of vibration, was used for the foundation of the two pilot-wave
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hydrodynamic systems discussed herein. Second, solid rubber bumpers were placed
between the optical table and commercial shaker to minimize contact, and the
transmission of vibrations, between the two (Figure 36). As an added benefit, the rubber
bumpers allowed for easy leveling of the commercial shaker system by adjusting the
tension on the clamps placed on the four corners of the shaker, also seen in Figure 36.

Figure 36. Rubber bumpers used to isolate the oscillating system from external sources of vibration and facilitate
leveling.

Leveling of the respective oil baths was achieved by placing a leveling bubble
inside each oil bath. Adjustments to the four corners of the commercial shaker were made
until the leveling bubble showed the respective oil bath was level. Figure 37 shows a
properly leveled circular corral oil bath. Recall that when the complete custom shaker
system (Figure 11) is used, leveling is achieved by adjusting the multi-axis translational
system. Note that the innermost circular region of the leveling bubble is a physical
attribute of the leveling bubble, i.e., an indentation in the leveling bubble apparatus, and
not the bubble to be centered within the black leveling rings.
Upon successful leveling, each oil bath is filled with silicon oil of 50 cSt
(measured at 25°C). This type of oil provides sufficient viscosity, enabling a bouncing oil
droplet not only to be produced by plucking the bulk oscillating oil surface with a pointed
object, e.g., a needle, but also impede the coalescence of the bouncing oil drop with the
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bulk oscillating oil from which it was formed. The oil level in each oil bath, e.g.,
elliptical, circular, free, and entanglement, can be seen in Figures 16, 18, 20, and 22
respectively. The oil level in each figure is given by the "oil surface level" shown.

Figure 37. Leveling procedure for and HQA experiment.

Figure 38 shows a fully operational pilot-wave hydrodynamic experiment. Due to
a bouncing droplet's sensitivity to air currents, a plexiglass cover was constructed and
implemented—significantly reducing the bouncing droplet's exposure to said currents.
Additionally, a black felt lining was placed on the inside of the plexiglass cover opposite
the beamsplitters (Figure 38). The lining prevents external sources of images, and
internal reflections produced by the plexiglass cover, from being reflected into the
schlieren and tracking cameras by the beamsplitters.
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Figure 38. Experimental setup of the complete pilot-wave hydrodynamic system.

Faraday Standing Waves
At

high

oscillation

amplitudes, the surface of the
oscillating oil exhibits significant
modulation. By tuning the driving
frequency, stable spatial modes can
be observed as standing waves.
Figure 39. Faraday standing waves and a trapped droplet in a
circular corral geometry.

The frequency at which these
stable spatial modes occur is

known as the Faraday frequency. A bouncing droplet in this regime will remain confined
within the nodes of the Faraday standing waves being generated. Furthermore, the motion
of the droplet in this regime is predictable, and the pattern generated by the droplet's
motion is the same for all timescales. A frame captured from a side-view video (Figure
39) shows the circular Faraday modes (Faraday standing waves), and the trajectory of a
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trapped droplet, in a circular corral geometry. It is important to note that the standing
Faraday waves need not to be circular; but rather, the waves generated at the Faraday
frequency need only to be stable spatial modes of any configuration. It turns out that the
stable spatial modes of Figure 39 are a consequence of the circular corral geometry
containing them.
Operating at the Faraday Threshold
For a circular corral geometry, the droplet trajectory heat-map time-series (Figure
40) illustrates the droplet's motion as the oscillator's amplitude of oscillation is varied
from an amplitude in excess of the onset of Faraday standing waves to that just below the
onset of Faraday standing waves, i.e., the amplitude at which "walking" droplet behavior
occurs, and back again. The long-term probabilistic trajectory of the droplet is directly
dependent on the forcing conditions of the bath. In fact, it is when the oil bath oscillates
at the Faraday frequency, and at amplitudes near the onset of Faraday standing waves,
that quantum-like phenomenon occurs. And, although various oil bath geometries will
present different droplet trajectory behavior than is shown in Figure 40, dependent on
their respective Faraday standing waves, the effect of operating near the onset of Faraday
standing waves on the respective droplet is all the same. Sufficient energy is provided to
sustain a bouncing oil droplet, and the oscillating medium (oil) is preconditioned for a
monochromatic wave field. Furthermore, it is the latter two conditions that are of the
utmost importance.
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Figure 40. Droplet trajectory heat-map time-series.

Walking and the Intermediate Regime
As the oscillation amplitude is reduced, the height of the surface Faraday waves
inside the oil bath will decrease until they are barely visible. The top images of Figure 41
illustrate this behavior. As a result, the waves generated by the droplet bouncing on the
oil surface will have a more significant impact on its subsequent motion, allowing the
droplet to begin to "walk" across the oil bath's surface. The patterns generated by the
motion of the droplet in this regime evolve significantly over time, showing evidence of
the self-propelled (seemingly random) droplet motion. The walking behavior in a circular
corral geometry is illustrated in the bottom left image of Figure 41. Note that the longterm behavior of the droplet (bottom right, Figure 41) still shows signs of the highly
structured Faraday standing waves, indicative of operating too close to the onset of
Faraday standing waves.

Figure 41. Barely visible standing Faraday wave and a bouncing droplet.
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Pilot-Wave Hydrodynamic Experimental Results
Circular Geometry and the Quantum Corral Analog
Within

a

narrow

range

of

amplitudes at the Faraday frequency, the
self-propelled droplet (walker) wanders
across the oil bath surface under the
influence of its generated pilot-wave,
i.e., the droplet motion is governed
entirely by the waves that the droplet
itself creates. This behavior can be seen
Figure 42. Walking droplet and interference effects (46.3 Hz
Faraday frequency and a sampling rate of 11.5 FPS).

in the top left image of Figure 42. For
short timescales, the walking motion of

the droplet exhibits seemingly random behavior. For long timescales, however, axially
symmetric interference patterns emerge that are entirely different from the standing
Faraday wave patterns generated at higher oscillation amplitudes (bottom right, Figure
41). The long timescale pattern of Figure 42 is due to interference of the droplet, and
more specifically, the droplet's pilot-wave, with itself! This behavior is analogous to the
standing wave structure exhibited by the electron states in a "quantum corral" (Figure
43)." So rather than directly guiding the droplet in a trivial manner, the Faraday
frequency establishes the conditions necessary to produce the fascinating droplet selfinterference effects observed—a phenomena that does not present itself at operating
frequencies other than Faraday frequencies.
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Figure 43. STM image of a quantum corral for electrons built with 48 iron atoms on copper. The same tip
is used to position the iron atoms into a 12.4-nm-diameter ring and to image them and the wave-structure
interior caused by the confined surface-state copper electrons.30

Free Geometry
As described in Section V, Oil
Baths, Free-Geometry, p. 37, of this
thesis, a droplet walking on an infinitely
large oscillating mass of fluid will, in
theory, move in a strait-line trajectory.
Because the free-geometry oil bath has a
diameter significantly larger than the
Figure 44. Walking droplet in a free-geometry oil bath (46.3
Hz Faraday frequency and a sampling rate of 11.5 FPS).

diameter of an oil droplet, the behavior

of an oil droplet confined to this geometry will sufficiently model the strait-line trajectory
suggested. Figure 44 clearly illustrates this behavior, offering validation to the
experimental methods and procedures presented herein.
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Entanglement Geometry
Figure 45 shows a droplet in an entanglement oil bath geometry. Due to the
droplet tracking software's circular iris filter, extraneous light could not be filtered out of
the binary tracking image without losing the ability to track the droplet throughout the
entirety of the oil bath. For this reason, no droplet trajectories were taken at this time.
Fortunately, however, the oil bath geometry readily supported the existence of long-lived
bouncing droplets, suggesting that droplet tracking will be practicable. Ultimately, a new
iris filter must be developed that can adequately filter extraneous light from more
complex oil bath geometries, i.e., oil bath geometries that are not circular in form.

Figure 45. Droplet tracking user interface for an entangled oil bath geometry using the custom shaker system of
Figure 11 and an image capture rate of 11.5 frames-per-second.

As described in Section IX, Pilot-Wave Hydrodynamics, Conducting a PilotWave Hydrodynamic Experiment, Operating at the Faraday Threshold, on p. 54 of this

59
thesis, the Faraday standing waves are critical to a pilot-wave hydrodynamic experiment.
Although no droplet tacking took place at this time, stable Faraday standing waves were
achieved within the droplet confining bounds of the entanglement geometry oil bath
(Figure 46). The presence of these waves proves that a driving characteristic capable of
providing sufficient energy to sustain a bouncing oil droplet and preconditioning the oil
bath for a monochromatic wave field can be achieved—two conditions necessary for
hydrodynamic experiments of this nature. With droplet tracking improvements, there is
strong evidence suggesting this oil bath geometry will serve as a suitable hydrodynamic
quantum analog candidate, and with any luck provide an environment for which droplet
entanglement, analogous to quantum entanglement, may be explored.

Figure 46. Four consecutive image frames from an entanglement geometry oil bath illustrating the presence of
stable standing Faraday waves at a driving frequency of 46.3 Hz.
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Elliptical Geometry
Like the entanglement oil bath
geometry

previously

discussed,

the

elliptical oil bath geometry does not
have a circular geometry conducive of
the circular iris filter of the droplet
tracking software. This oil bath is,
however, close enough to circular that
droplet tracking was achievable with
Figure 47. Walking droplet in an elliptical oil bath (55.4 Hz
Faraday frequency and a sampling rate of 11.5 FPS).

careful control of the side-view LED of
Figure 34.

An

exploratory

droplet

trajectory heat-map (Figure 47) was subsequently produced. A qualitative analysis of this
exploratory heat-map shows interesting droplet behavior. First, in comparison with the
droplets of circular coral geometries, droplets in an elliptical geometry move much more
slowly. This behavior can be seen by qualitatively comparing the shorter 10-second
droplet trajectory of an elliptical corral (Figure 47) with the longer 10-second droplet
trajectory of a circular corral (Figure 42). Second, keeping in mind the meaning of the
color-scale associated with the trajectory plots (reference Section VIII, Virtual
Instrument, p. 47), the motion of a droplet in an elliptical geometry is very spasmodic—
readily seen in the 10-second and 1-minute trajectory plots of Figure 47. A third
significant difference between this oil bath geometry and those of circular geometries is
the standing Faraday waves it produces. Figure 48 shows the stable standing Faraday
modes of this particular elliptical oil bath geometry. Perhaps not surprisingly, the waves
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are not axially symmetric like those of
circular oil bath geometries (Figure 39).
It is surprising, however, that the
Faraday waves are very linear and show
no sign of the foci within the elliptical
geometry. For this reason, alternative
methods need to be developed for this
bath to be a suitable candidate for
Figure 48. Stable standing Faraday waves at a driving
frequency of 55.4 Hz in an elliptical oil bath geometry.

modeling the mirage effects of quantum
particles. My first thought on the matter

of alternative methods is to incorporate sub-surface structures that may produce droplettrapping effects at the foci of the elliptical oil bath. Despite the need for modifications,
however, the production of stable Faraday waves is a step in the right direction.
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X

CLOSING

The primary objective of this research endeavor was to develop a novel optical
arrangement, and subsequent virtual instrument visualization, unique in the study of
hydrodynamic quantum analogs. In doing so, the ability to gain original perspective into a
bouncing oil droplet's connection with quantum behavior was established. As a secondary
objective, the research tools developed herein were applied in the evaluation of circular, free,
entanglement, and elliptical oil bath geometries. With regards to the first two oil bath geometries,
valuable experimental evidence was produced, validating the experimental setup and procedures
used herein. More specifically, being able to produce the known results of a circular and free oil
bath geometry was a significant triumph. And although time did not permit the full realization of
the latter two geometries as hydrodynamic quantum analogs, the establishment of the requisite
initial conditions, e.g., stable Faraday waves and the production of long-lived droplets, was a
success.
In order to improve upon the achievements presented herein, and provide a more capable
experimental setup for future HQA experiments, a few notable enhancements should be made.
The first and perhaps the most realizable enhancement is to re-design the circular iris filter of the
droplet tracking software—enabling adequate filtering of extraneous light from more complex
oil bath geometries, i.e., oil bath geometries that are not circular in geometry. Alternatively, and
perhaps a more suitable long-term enhancement, would be to incorporate object-tracking
software, bypassing the use of reflected light altogether. MathWorks® offers a Computer Vision
Toolbox™ that would be well suited for the task. A second worthwhile enhancement would be
the development and incorporation of a droplet producing mechanism. Currently, bouncing oil
droplets are produced by plucking the oscillating oil substrate with a pointed object, e.g., needle,

63
by hand. Although this method is a very effective way of producing trackable droplets, it does
not produce droplets consistent in size or location. The incorporation of a systematic approach to
produce droplets of uniform size and location, therefore, will undoubtedly improve upon the
pilot-wave hydrodynamic system as a whole. A third enhancement involves the 3D printing of
oil bath geometries. Despite the ease 3D printing offers in the development of complex oil bath
geometries, the 3D printable material used herein, e.g., ABS and PLA, is porous—allowing for
oil to be absorbed into the structure of the bath. The absorption of said oil may influence the
experiment, but detailed effects are currently unexplored. Attempts have been made to seal the
printed baths with plastic-ready paint, but only moderate success has been achieved. The answer
surely resides in alternative printing materials or methods in sealing said materials—for example,
using an acetone gas to seal the ABS prints.
As a whole, the novel imaging system and the subsequent virtual instrument developed
will serve as an invaluable research tool for future researches to use in their quest to create
hydrodynamic quantum analogs. Furthermore, I hope that the foundational work developed with
the entanglement and elliptical oil bath geometries will provide a launching point for future
researcher's exploration of entanglement and mirage HQAs.
With other researcher's experimental endeavors in mind, I would like to offer two bits of
advice. First, pilot-wave hydrodynamics requires a tremendous amount of patience and
perseverance. It can take weeks to devise/create the individual HQA experiments, days to
prepare for droplet tracking, and hours to collect droplet trajectories—all too often producing
null results. With careful observation of what works—and perhaps more importantly, what does
not work—insight can be gained that will significantly increase an experimenter's ability to
produce proper HQA behavior on a consistent basis. This insight, however, is not easily
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conveyed or passed along from researcher to fellow researcher, but rather, is obtained from the
hours of experience a research gains by conducting experiments. In fact, I believe the power of
experience gained through perseverance to be fundamental to all research endeavors. The second
bit of advice I would like to extend is as follows: a healthy imagination can be one of the most
powerful tools a researcher has at their disposal, so do not forget to use it. You may be surprised
by the problems you can solve by just thinking about things differently.
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APPENDICES
A

Material Description and Use
In reference to Table 1. Pilot-Wave hydrodynamic experiment budget, a line item
material description and use is provided as follows:
Line 1 - 5MP Camera (Color):
The 5MP Camera will provide up to 126 frames-per-second (fps) of highresolution color video capture. This will provide the speed and resolution needed
to capture color schlieren images of the pilot-wave hydrodynamic experiment.
Line 2 - VIS Plate Beamsplitters:
The 75 x 75mm beamsplitters will direct the light source, and subsequent
images, through and to the appropriate optical elements.
Line 3 – Achromatic Doublet Lenses:
The achromatic doublet lenses will provide the collimating and focusing
necessary to conduct schlieren imagery.
Line 4 – Lens Mounts:
The lens mounts will directly mount the achromatic lenses to their
breadboard locations.
Line 5 – Aluminum Breadboard:
The aluminum breadboard will serve as the mounting foundation for the
entire imaging apparatus.
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Line 6-7 – Cold White LED Array Light Source w/ power supply:
The LED light source provides the lighting necessary to ensure the
bouncing oil droplet is the brightest object in the oil bath—setting the conditions
necessary for droplet tracking.
Line 8 – CMOS Monochromatic Camera:
This camera will provide up to 80 frames-per-second (fps) of highresolution monochromatic video capture. This will provide the speed and
resolution needed to track the droplet in the hydrodynamic experiment.
Line 9 – ABS Filament:
The ABS filament will provide the raw material necessary to 3D print
optical mounts and experimental hardware.
Line 10 – Beyma Speaker:
The Beyma speaker will serve as the harmonic driving mechanism for the
custom pilot-wave system.
Line 11 – Carbon Fiber Tube:
The carbon fiber tube provides a rigid, strait, and lightweight structure for
the magnetically stabilized weight reduction system seen in Figure 3 on p. 22 of
this thesis.
Line 12-15 – Various Magnets:
The magnets will serve as hardware components of the custom harmonic
driving mechanism.
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Line 16 – Machine Grd. ABS:
The machine grade ABS plastic will serve as the raw material needed to
machine various harmonic driving mechanism parts.
Line 17 – Permanent Magnet Shaker:
The permanent magnet shaker will serve as a commercial grade oscillator
for the pilot-wave hydrodynamic experiment.
Line 18-21 – Acrylic Sheets and Hardware:
The acrylic sheets and miscellaneous hardware will serve as the protective
cover for the hydrodynamic pilot-wave experiment.
Line 22 – Camera Lenses:
The two camera lenses will complete the imaging capabilities of the two
cameras in the imaging apparatus. Furthermore, these lenses will provide
sufficient focusing tolerances, allowing for multiple experimental arrangements.
Line 23 – Bumper, Plastic 7/8":
The plastic bumpers were used to isolate the commercial shaker from
external vibrations and provided a convenient means of leveling the system.
Line 24-29 – XYZ Translational Stage and Associated Parts:
The translational stage and its associated parts will serve as the fine
control adjustment for the knife-edge in the schlieren-imaging component of the
novel imaging apparatus.
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B

Exponential Models for the Repulsive Force Between Magnets
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B.1

MATLAB Command Window Output
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C

Experimental Parameters for a Quantum Mirage HQA
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C.1

MATLAB Command Window Output

